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Study of Ξ− hypernuclei in the Skyrme-Hartree-Fock approach
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The properties of Ξ− hypernuclei are studied systematically using a two-dimensional Skyrme-Hartree-Fock
approach combined with three different ΞN Skyrme forces fitted to reproduce the existing data. We explore the
impurity effect of a single Ξ− hyperon on the radii, deformations, and density distributions of the nuclear core
and point out qualitative differences between the different forces. We find that the Ξ− removal energy of 13ΞpB
[12C(g.s.)+Ξ−(1p)] calculated by the SLX3 force is 0.7 MeV, which is in good agreement with a possible value
of 0.82± 0.17 MeV from the KEK E176 experiment. The theoretical prediction for this weakly bound state
depends strongly on the deformation of the nuclear core, which is analyzed in detail.
I. INTRODUCTION
Hypernuclei are an important aspect of the study of nuclear
structure. In the past few decades, the investigation of hyper-
nuclear structure has quickly developed into a new and broad
field [1]. The motivation is to obtain clear and useful infor-
mation on the YN and YY interactions, which are applied in
astrophysics, for example [2]. In 1953, the first Λ hypernuclei
were found in the laboratory [3]. Apart from Λ hypernuclei
with the strangeness number S = −1, there are also other hy-
pernuclei, such as Σ hypernuclei (S=−1) andΞ− hypernuclei
(S=−2), which are, however, much more difficult to produce
in scattering experiments. Therefore, only few experimental
data of Ξ− hypernuclei are so far available. The experiments
for hypernuclei were conducted early at some large experi-
mental research facilities, such as KEK and DAΦNE. Cur-
rently, there are several proposals for the measurement of Ξ−
hypernuclei and Ξ− atoms by new and upgraded technologies
at J-PARC [4, 5].
Early emulsion experiments [6, 7] reported possible Ξ−
removal energies for the hypernucleus 13ΞB [
12C+Ξ−] as
3.70+0.18−0.19, 0.62
+0.18
−0.19, or 2.66
+0.18
−0.19 MeV, but it is difficult to
confirm that this observation is a bound Ξ− hypernucleus due
to a lack of precise identification. Recently, there are new
events on the 13ΞB hypernucleus reported by the KEK E176
collaboration [8]. A possible interpreted Ξ− removal energy
is BΞ = 0.82± 0.17 MeV [9, 10]. It is expected to be consis-
tent with a decay from the 12C+Ξ− system at the 2P state,
but this has not been confirmed.
Another experiment studied the production of the Ξ− hy-
pernuclei 12ΞBe [
11B+Ξ−] by the (K−,K+) reaction [11],
which was interpreted by fitting a Ξ−-nucleus Woods-Saxon
potential with a depth of about 14 MeV. Using this assump-
tion, theoretical calculations [12, 13] predicted values of about
4–5 MeV for the ground-state Ξ− removal energy.
In 2015, the important “Kiso” event was produced by
the E373 experiment at KEK-PS [9] in the reaction process
Ξ−+ 14N→ 15ΞC→
10
ΛBe +
5
ΛHe. This observation is the first
∗ Corresponding author: xrzhou@phy.ecnu.edu.cn
clear evidence of a deeply bound state of 15ΞC. A possible
interpretation of the event is the creation of the p-state hy-
pernucleus 15ΞpC [
14N(g.s.)+Ξ−(1p)] with a value of the Ξ−
removal energy BΞ = 1.11± 0.25 MeV [9], later revised to
BΞ = 1.03±0.18MeV [10]. This interpretation was shown to
be consistent with the production of 12ΞsBe [11] within theoret-
ical calculations in the Skyrme Hartree-Fock (SHF) and rela-
tivistic mean field (RMF) approaches [14]. It is also compat-
ible with the one-peak interpretation of the preliminary anal-
ysis of 12ΞsBe production in the J-PARC E05 experiment [15].
The strongly attractive nature of the ΞN interaction (XNI) has
also recently been confirmed by the latest experimental anal-
ysis on proton-Ξ− correlations performed by the ALICE Col-
laboration [16].
Due to insufficient experimental information on the XNI, it
is important to study Ξ− hypernuclei in different theoretical
approaches [10]: Within the framework of the cluster model,
the light hypernucleus 12ΞBe was calculated based on the as-
sumption of an effective Ξ− potential whose depth is about
14 MeV. It was predicted that the Ξ− removal energy of the
12
ΞBe ground state is about 5 MeV and 2.2 MeV, with/out the
ΞN Coulomb interaction, respectively [12]. The RMF method
performed studies on spherical Ξ− hypernuclei, such as 17ΞN,
41
ΞK,
91
ΞY,
209
ΞTl, etc. [17–19], where it was found that the Ξ
−
binding energies increase with the mass number of hypernu-
clei and that the ΞN Coulomb interaction makes the hyperon
potential much deeper. Within the quark-mean-field approach,
systematic studies were performed on Ξ− hypernuclei from
12
ΞBe to
209
ΞTl [20]. The XNI parameters were determined
under the assumption of a Ξ− potential depth at saturation
density UΞ = −12 or −9 MeV. In the framework of a one-
dimensional (1D) SHF model, three different XNIs SLX0,
SLX2, SLX3 were proposed in [14] to reproduce in a consis-
tent manner the experimental data for 12ΞBe and
15
ΞC discussed
above.
In this work we continue and extend the study of Ξ− hy-
pernuclei in a two-dimensional (2D) SHF model. One aim is
to explore the impurity effect of a single Ξ− hyperon on the
deformation of core nuclei. We perform systematic calcula-
tions of Ξ− hypernuclei from 9ΞLi to
209
ΞTl, in particular for a
series of hypernuclei with deformed cores from 9ΞLi to
37
ΞCl.
We focus on the Ξ− binding energies, deformations, and nu-
2cleon and hyperon density distributions of Ξ− hypernuclei, in
particular study the dependence of the theoretical predictions
on the different XNIs SLX0, SLX2, SLX3.
The paper is organized as follows. In Sec. II we present the
method of the self-consistent 2D SHFmodel and introduce the
Skyrme forces for the effective XNI. Sec. III shows the results
and discussion of radii, deformations, binding energies, and
nucleon and hyperon density distributions for Ξ− hypernuclei
from 9ΞLi to
209
ΞTl. In Sec. IV, we summarize the paper.
II. FORMALISM
Our approach is the 2D SHF model, which is combined
with a density-dependent Skyrme force for the XNI. In the
self-consistent model, the total energy of a hypernucleus is
calculated as [21–25]
E =
∫
d3r ε(r) , ε = εNN + εΞN + εC , (1)
where εNN is the energy density of the nucleon-nucleon inter-
action, εΞN is the contribution due to the ΞN interaction, and
εC is the energy density of the Coulomb interaction between
protons and Ξ− hyperon. These energy-density functionals
are dependent on the one-body density ρq, kinetic density τq,
and spin-orbit current Jq,
[
ρq, τq, Jq
]
=
Nq
∑
i=1
niq
[
|φ iq|
2, |∇φ iq|
2, φ iq
∗
(∇φ iq×σ)/i
]
, (2)
where φ iq (i= 1,Nq) are the self-consistently calculated single-
particle (s.p.) wave functions of the Nq occupied states for
the different particles q = n, p,Ξ in a hypernucleus. The
minimization of the total energy in Eq. (1) implies the SHF
Schrödinger equation for each s.p. state (i,q),
[
−∇ ·
1
2m∗q(r)
∇+Vq(r)− iWq(r)·(∇×σ)
]
φ iq(r)= e
i
qφ
i
q(r),
(3)
where the mean fields of nucleons and hyperon (including the
Coulomb interaction) are written as
Vq =V
SHF
q +V
(Ξ)
q , V
(Ξ)
q =
∂εΞN
∂ρq
, (q= n, p) , (4)
VΞ =
∂εΞN
∂ρΞ
−VC . (5)
The nucleonic spin-orbit mean field is represented by Wn,p
and is provided by the NN Skyrme force used here, whereas
we assume WΞ = 0 in this work. For the nucleonic energy
density functional εNN we employ the SLy4 parametrization
[24, 27], while the energy density functional for the hyperonic
part is given by [14, 23, 25],
εΞN =
τΞ
2mΞ
+ a0ρΞρN + a3ρΞρ
2
N + a1(ρΞτN +ρNτΞ) (6)
−a2(ρΞ∆ρN +ρN∆ρΞ)/2− a4(ρΞ∇·JN +ρN∇·JΞ) ,
which provides the hyperonic SHF mean fields
VΞ = a0ρN + a3ρ
2
N + a1τN − a2∆ρN− a4∇·JN , (7)
V
(Ξ)
N = a0ρΞ + 2a3ρNρΞ + a1τΞ− a2∆ρΞ− a4∇·JΞ , (8)
and a Ξ effective mass
1
2m∗Ξ
=
1
2mΞ
+ a1ρN . (9)
The relation to the standard ΞN Skyrme parameters tΞN0,1,2,3 is
a0 = t0 , a1 =
t1+ t2
4
, a2 =
3t1− t2
8
, a3 =
3t3
8
. (10)
Due to lack of experimental data for Ξ− hypernuclei, three
simple ΞN Skyrme forces SLX0, SLX2, SLX3 that employ
no more than two parameters were proposed in Ref. [14]. (We
use here the notation SLX* ≡ SL*p of that work). The SLX0
force involves only a volume term ∼ a0, while in SLX2 and
SLX3 the parameters are chosen as a2 = 20 MeVfm
5 and
a3 = 1000 MeVfm
6, respectively, motivated by NΛ Skyrme
forces [25]. The values of a0 in SLX0, SLX2, SLX3 were
fixed to −128,−138,−228MeVfm3, respectively, reproduc-
ing the experimental data of BΞ = 1.11±0.25 MeV in the hy-
pernucleus 15ΞpC with the Ξ
− hyperon occupying the 1p orbit.
(We do not refit the slightly revised value BΞ = 1.03± 0.18
MeV [10] in order to be consistent with our previous work
[14]). The SLX3 force then predicts also results compatible
with the experimental information on 12ΞsBe [11].
In our approach, we assume axial symmetry of the mean
field, and the deformed SHF Schrödinger equation is solved
in cylindrical coordinates (r,z) within the axially-deformed
harmonic-oscillator basis [22, 24]. This allows us to make
calculations of 2D-deformed nuclei and hypernuclei. The
quadrupole deformation parameter of the nuclear core is ex-
pressed as
β2 ≡
√
pi
5
〈2z2− r2〉
〈r2+ z2〉
, (11)
while the nuclear core radius is given by
RN ≡
√
〈r2+ z2〉=
√
N
A− 1
〈R2n〉+
Z
A− 1
〈
R2p
〉
. (12)
The calculated results of these observables will be discussed
in the next section, together with the Ξ− separation energy
BΞ ≡ E[
A−1(Z+ 1)]−E[AΞZ] , (13)
in which notation Z is the charge number (not the proton num-
ber) and A is the total baryon number of the hypernucleus.
At the present stage of investigation we neglect the differ-
ence of the Ξ−p and Ξ−n interactions for the nearly symmet-
ric nuclei we are considering here. Also, the imaginary part of
the Ξ− potential in our approach is currently disregarded, be-
cause it is fairly small at lowmomenta, ImU(k= 0)/ReU(k=
0)≈ 0.2 in Brueckner-Hartree-Fock (BHF) calculations [26],
where ImU has a strong dependence on the coupling of the
ΞN and ΛΛ channels.
3TABLE I. Deformation parameter β2, separation energy BΞ, and nuclear core radius RN for several hypernuclei obtained with the SLX0,
SLX2, and SLX3 forces. The subscripts s and p denote the orbit that the Ξ− hyperon occupies. The BΞ values in brackets are the results of
deformed SHF calculations without ΞN Coulomb interaction. Experimental data [8, 9], and theoretical results of a cluster model calculation
[12] and a RMF model [20] are listed for comparison.
Kpi β2 BΞ (MeV) RN (fm)
no Ξ SLX0 SLX2 SLX3 SLX0 SLX2 SLX3 Data no Ξ SLX0 SLX2 SLX3
9
ΞsLi 0
+⊗Ξ 12
+
0.623 0.590 0.592 0.616 3.8 (1.7) 3.2 (1.1) 3.6 (1.0) 2.548 2.477 2.492 2.558
10
ΞsLi n
3
2
−
⊗Ξ 12
+
0.309 0.244 0.250 0.320 5.3 (3.0) 4.6 (2.4) 4.1 (2.0) 3.6 (1.6) [12] 2.438 2.368 2.382 2.460
12
ΞsBe p
3
2
−
⊗Ξ 12
+
0.125 0.100 0.109 0.128 8.0 (5.1) 7.2 (4.4) 5.2 (2.6) 5 (2.2) [12] 2.439 2.387 2.397 2.459
13
ΞsB p
3
2
−
⊗Ξ 12
+
-0.302 -0.254 -0.254 -0.295 8.1 (4.8) 7.6 (4.3) 6.2 (3.2) 2.598 2.523 2.530 2.606
13
ΞpB p
3
2
−
⊗Ξ 32
−
-0.302 -0.311 -0.310 -0.318 0.4 0.3 0.7 0.82±0.17 [8] 2.598 2.598 2.597 2.622
15
ΞsC p
1
2
−
⊗n 12
−
⊗Ξ 12
+
0 0 0 0 10.4 (6.5) 10.0 (6.1) 7.2 (3.7) 9.4 (5.7) [20] 2.582 2.539 2.545 2.597
15
ΞpC p
1
2
−
⊗n 32
−
⊗Ξ 32
−
0 -0.020 -0.020 -0.010 1.1 1.1 1.1 1.11±0.25 [9] 2.582 2.572 2.576 2.592
17
ΞsN 0
+⊗Ξ 12
+
0 0 0 0 11.4 (7.1) 11.2 (6.9) 8.3 (4.3) 8.1 [20] 2.676 2.634 2.639 2.686
17
ΞpN 0
+⊗Ξ 32
−
0 -0.005 -0.005 -0.004 2.4 2.3 2.2 2.1 [20] 2.676 2.660 2.664 2.683
21
ΞsF 0
+⊗Ξ 12
+
0.394 0.381 0.381 0.390 13.4 (8.2) 13.3 (8.2) 9.5 (4.8) 2.925 2.880 2.882 2.936
21
ΞpF p
1
2
−
⊗Ξ 32
−
0.394 0.377 0.377 0.381 3.5 3.6 3.1 2.925 2.903 2.904 2.926
37
ΞsCl 0
+⊗Ξ 12
+
-0.151 -0.139 -0.139 -0.154 20.4 (12.0) 20.9 (12.5) 13.9 (6.2) 3.309 3.276 3.276 3.322
37
ΞpCl p
1
2
−
⊗Ξ 32
−
-0.151 -0.158 -0.158 -0.154 12.4 (4.8) 12.6 (5.0) 9.3 (2.3) 3.309 3.293 3.293 3.318
41
ΞsK 0
+⊗Ξ 12
+
0 0 0 0 21.3 (12.3) 21.9 (12.8) 15.0 (6.7) 16.6 [20] 3.398 3.368 3.368 3.407
41
ΞpK 0
+⊗Ξ 32
−
0 -0.003 -0.003 -0.001 13.3 (5.0) 13.6 (5.3) 10.2 (2.5) 10.5 [20] 3.398 3.378 3.378 3.404
91
ΞsY 0
+⊗Ξ 12
+
0 0 0 0 30.0 (15.3) 31.4 (16.4) 21.8 (7.9) 23.0 [20] 4.262 4.236 4.240 4.264
91
ΞpY 0
+⊗Ξ 32
−
0 0.003 0.003 0.003 24.2 (10.2) 25.1 (11.1) 18.4 (5.5) 17.9 [20] 4.262 4.245 4.245 4.266
209
Ξs Tl 0
+⊗Ξ 12
+
0 0 0 0 40.1 (16.5) 41.6 (17.9) 31.8 (8.8) 29.7 [20] 5.543 5.526 5.526 5.546
209
Ξp Tl 0
+⊗Ξ 32
−
0 0.001 0.001 0.001 36.0 (13.5) 37.3 (14.7) 28.6 (7.1) 26.3 [20] 5.543 5.529 5.529 5.544
III. RESULTS
We now study systematically a series of single Ξ− hyper-
nuclei in the ground state (Ξs) and the first excited state (Ξp).
Among them, the hypernuclei with spherical cores are 15ΞC,
17
ΞN,
41
ΞK,
91
ΞY, and
209
ΞTl; and the ones with deformed cores
are 9ΞLi,
10
ΞLi,
12
ΞBe,
13
ΞB,
21
ΞF, and
37
ΞCl.
A. Radii
In Table I we list the calculated values of the deformation
parameter β2, the Ξ
− separation energy BΞ, and the nuclear
core radius RN for the different Ξ
− hypernuclei. It is found
that the core radius of a Ξ− hypernucleus generally decreases
compared to that of the core nucleus with the SLX0 and SLX2
forces, but slightly increases with the SLX3. This modifica-
tion of the core size is larger when the Ξ− hyperon occupies
the concentrated 1s state than the more diluted 1p state.
This is because the magnitude of the core distortion is
determined by the competition between the attractive lin-
ear term (∼ a0) and the repulsive nonlinear term (∼ a3) of
the hyperonic SHF mean field Eq. (7), and thus depends
on the ΞN force, see Fig. 1 of [14]. The SLX3 force fea-
tures strongest attraction at low density in the peripheral re-
gion (ρN ≈ 0.1fm
−3) of the core nucleus, but much less at
the higher central density and thus tends to dilute the core,
whereas SLX0 or SLX2 exhibit the opposite behavior and
contract the core. For better illustration we plot in Fig. 1 the
radius change
δRN ≡ RN [
A−1(Z+ 1)]−RN[
A
ΞZ] (14)
for the different nuclei, confirming the qualitative difference
between the XNI forces explained above, namely, positive val-
ues of δRN with SLX0 and SLX2 and negative values with
SLX3. Moreover, the core radius changes are naturally largest
for small nuclei.
B. Removal energies
These properties also influence the removal energies BΞ
listed in the table: Apart from the weakly bound 15ΞpC, where
all forces yield by construction the same BΞ = 1.1MeV, the
SLX3 force predicts generally smaller BΞ values than SLX0
and SLX2 for larger and stronger bound hypernuclei, where
the relevant central high-density nuclear domain is more ex-
tended. This feature allowed also the best fit of the experimen-
tal data for the hypernucleus 12ΞsBe among the SLX* forces
[14]. The Ξ− binding energies obtained by SLX3 are close to
the results of the RMF model [20] as well.
However, for weakly bound hypernuclei like 15ΞpC, where a
low-density nuclear environment prevails for the Ξ−, the situ-
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FIG. 1. Core radius change δRN , Eq. (14), for several nuclei, ob-
tained with different ΞN forces. The subscripts s and p denote the
Ξ− orbit.
ation is opposite, in particular we notice that the Ξ− removal
energy of the deformed nucleus 13ΞpB derived with SLX3 is 0.7
MeV, larger than that of the other two forces. This value is
consistent with the experimental data of 0.82± 0.17 MeV in
the E176 experiment [8–10]. (The Ξ− hyperon occupies the
1p3/2 state. In our model, the [110]1/2
−
and [101]3/2− or-
bits are the same without hyperon spin-orbit coupling, but the
[101]1/2− orbit is separated due to the nuclear deformation).
In order to illustrate this hypernucleus in more detail, we
plot in Fig. 2 the Ξ− potential (upper panel) and the N,Ξ den-
sity distributions (lower panel). With the SLX0,2,3 forces,
the depth of VΞ(r = 0) is about 23,24,15 MeV. However, the
width of the SLX3 potential is larger, thus providing more
binding for the hyperon in the extended p orbit: It is seen in
the lower panel that the major part of the hyperon is located in
the range r & 2.5fm, where the SLX3 potential is deeper than
those of SLX0,SLX2.
We notice another related interesting phenomenon regard-
ing the Ξ− removal energy of deformed hypernuclei, namely
the results of BΞ are different for deformed and undeformed
calculations. The quantity
∆BΞ ≡ B
def.
Ξ −B
nondef.
Ξ (15)
is listed in Table II for various hypernuclei with sizeable de-
formations. It is seen that the Ξ− hyperon in the 1s state
is bound less in deformed nuclei than the same undeformed
ones, which is caused by a reduction of the mean nucleon
density in the former case. However, for the p-state Ξ− hyper-
nuclei with oblate deformation like 13ΞpB and
37
ΞpCl, the effect
-30
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5
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0.18
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FIG. 2. The mean field potential VΞ (upper panel) and the N and
Ξ densities (lower panel) in the hypernucleus 13ΞpB calculated with
different ΞN forces.
is opposite. In these two hypernuclei, the Ξ− hyperon occu-
pying the extended 1p orbit is more bound due to the core
deformation, which might actually increase the density in the
peripheral part where the hyperon resides. In particular, the
13
ΞpB hypernucleus calculated by the 1Dmodel is unboundwith
BΞ = −0.27,−0.25,0.06 MeV in the cases of SLX0, SLX2,
and SLX3, respectively, while in the 2D approach it becomes
bound with BΞ = 0.43,0.27,0.68MeV. On the contrary, in the
prolately deformed hypernucleus 21ΞpF, the overlap of the p-
state Ξ− hyperon with the prolate core is weaker than in the
undeformed case, and therefore it is also less bound in the 2D
model.
C. Deformation
To study in more detail the effect of a single Ξ− hyperon
on the nuclear core deformation, we plot in Fig. 3 the bind-
ing energy surfaces (BESs) of the core nuclei 8Be, 11B, 12C,
20Ne, and their Ξ− hypernuclei 9ΞsLi,
12
ΞsBe,
13
ΞpB,
21
ΞpF. In order
to better compare the curves, the BESs of the Ξ− hypernu-
clei are shifted by a constant amount so as to obtain the same
minimum value. The corresponding values of β2 at minimum
5TABLE II. The difference between the 2D and 1D calculations of
the Ξ− removal energy, ∆BΞ = B
(2D)
Ξ −B
(1D)
Ξ , for several deformed
nuclei with different ΞN forces.
β2 ∆BΞ (MeV)
no Ξ SLX0 SLX2 SLX3
9
ΞsLi 0.62 −0.70 −0.63 −0.08
10
ΞsLi 0.31 −0.22 −0.21 −0.01
12
ΞsBe 0.13 −0.04 −0.05 0.00
13
ΞsB −0.30 −0.51 −0.49 0.00
13
ΞpB −0.30 0.70 0.52 0.62
21
ΞsF 0.39 −0.19 −0.27 −0.16
21
ΞpF 0.39 −1.08 −0.98 −0.68
37
ΞsCl −0.15 −0.25 −0.24 −0.06
37
ΞpCl −0.15 0.41 0.42 0.34
are listed in Tables I and II. We observe that in general the
addition of a hyperon favors oblate deformations, which in
Fig. 3(a,c,d) becomemore advantageous relative to the prolate
ones. Thus an eventual secondary minimum becomes more
pronounced (a,d) or disappears entirely (c).
These effects can be understood by analyzing the over-
lap of the density distribution of the added Ξ− hyperon with
the nucleon density distributions of configurations of various
shapes, which determines the energy gain by the added hy-
peron. For example, returning to the case of 13ΞpB in panel (c),
one observes that due to the overlap of the Ξ−p density distri-
bution and the deformed nucleon distribution the total energy
is lowered for oblate configurations but increased for prolate
ones. Consequently the existing primary oblate minimum be-
comes even more pronounced. The same effect is exhibited
for 9ΞsLi (a) and
21
ΞpF (d), where the secondary, oblate, minima
become deeper when adding the hyperon. In particular for the
light nucleus 9ΞsLi (a), we notice that the BESs by the three
forces show visible differences, particularly for SLX3, whose
curve maintains the most pronounced minimum compared to
the other two curves.
D. Densities
More information on the nucleon and hyperon density dis-
tributions is given in Fig. 4, which shows those of the hyper-
nucleus 15ΞC obtained with the different XNIs. Consistent with
the analysis of the nuclear radii in Table I, one observes that
the central nucleon density ρN(r = 0) in hypernuclei calcu-
lated by SLX0 and SLX2 is larger than that in the core nu-
clei (core shrinking), while the opposite occurs with the force
SLX3 (core expansion). For the p-state hypernucleus 15ΞpC, the
effect is reduced due to the vanishing of the hyperon density
in the core, and consequently in Fig. 4 with the SLX3 force,
the central nucleon density of the p-state hypernuclei is larger
than that of the s-state hypernuclei, while all forcesmakemore
nucleons reside in the peripheral region (r & 2fm) of p-state
hypernuclei.
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FIG. 3. The binding energy surfaces obtained with different ΞN
forces for (a) 8Be and 9ΞsLi; (b)
11B and 12ΞsBe; (c)
12C and 13ΞpB; (d)
20Ne and 21ΞpF. Note the different energy scales.
These modifications of the nucleonic density can be un-
derstood by the hyperonic part of the nucleon mean field
V
(Ξ)
N ∼ (a0+2a3ρN)ρΞ, which due to the competition between
the attractive a0 and repulsive a3 components for the SLX3
force is repulsive at the center and attractive in the peripheral
region (r & 2fm) of the 15ΞC nucleus, as shown in Fig. 5. With
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FIG. 4. Nucleon and hyperon density distributions of 15ΞsC,
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the core nucleus 14N, obtained with different ΞN forces. δρN is the
change of the nucleon density by the added hyperon. The subscripts
s and p denote the Ξ− orbit.
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FIG. 5. The hyperonic contribution to the nucleon mean field V
(Ξ)
N ,
Eq. (8), for the s- or p-state hypernuclei 13ΞB and
15
ΞC with the SLX3
force.
the current parameter set, the transition between repulsion and
attraction occurs at ρN =−a0/2a3 = 0.114fm
−3.
Consistent effects on the hyperon density are observed in
the lower panel of Fig. 4, namely the hyperon density is more
spread out and smaller in the center with the force SLX3 than
with the other two forces. On a reduced scale, these effects
also take place in the heavier hypernuclei examined.
E. Ξ− binding
Finally, Figure 6 summarizes the mass dependence of the
hyperon removal energies obtained with three XNIs SLX0,
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FIG. 6. Hyperon binding energies BΞ as a function of mass num-
ber A−2/3 with different ΞN forces and with (a) or without (b) ΞN
Coulomb potential.
SLX2 and SLX3, including or not the ΞN Coulomb interac-
tion, which becomes increasingly important for the heavier
nuclei due to its long-range nature. For heavy nuclei the re-
sults with the full interaction approach about 30 MeV with the
SLX3 force, which is very similar to the case of Λ hypernu-
clei [25]. Due to the missing repulsive contribution at normal
density, the SLX0 or SLX2 force yield about 10 MeV more
binding for heavy nuclei.
IV. CONCLUSIONS
We systematically studied hyperon removal energies, nu-
clear core radii, core deformations, and density distributions
of Ξ− hypernuclei using a 2D SHF model with three different
ΞN Skyrme forces adjusted to reproduce experimental data
for 15ΞpC.
The SLX3 ΞN force is the only one to yield simultaneous
agreement with the 12ΞsBe data. It incorporates an important
density-dependent repulsive component and thus yields max-
imum attraction at subnuclear densities. Consequently the in-
duced core deformation is a dilatation and the Ξ− binding en-
ergies of heavy nuclei obtained with SLX3 are smaller than
7those with the other forces, and more similar to those of RMF
or cluster model calculations.
The hyperon removal energy of 13ΞpB with the SLX3 force
is 0.7 MeV, compatible with a possible value of 0.82± 0.17
MeV interpreted from the KEK E176 experiment. We thus
predict that this system is a possibly bound p-state Ξ− hyper-
nucleus. But still more accurate experiments are needed to
confirm the reliability of the observed event. Also, the pre-
diction of this weakly bound state is delicate, as it depends
on the nuclear deformation: This hypernucleus is unbound in
the 1D model, but bound in the 2D model due to its more ex-
tended geometry favoring lower and more attractive nuclear
densities.
This feature was studied in detail analyzing the nuclear core
radii and density distributions of several Ξ− hypernuclei. Due
to their different density dependence, the three ΞN Skyrme
forces impose different variations on the nucleon density com-
pared to that of the core nuclei: With SLX0 or SLX2, the cen-
tral nucleon density increases, while it decreases with SLX3
due to a repulsive effect on the nucleons in the central region
of nuclei. This leads to a contraction/dilatation of the core,
respectively.
These differences also influence the BESs of the various
nuclei, and we have pointed out the delicate interplay between
Ξ− s or p state occupation and the prolate or oblate nuclear
environment, which modifies the minima of the BES.
In this context we remark, however, that the mean-field ap-
proximation employed here might be inadequate in particu-
lar for weak BES minima, due to the neglect of configuration
mixing. A beyond-mean-field treatment [28, 29] might be re-
quired for a more realistic modelling in the future.
Finally, we studied the mass dependence of the Ξ− binding
energies in a broad region of the mass table and predict re-
moval energies of about 30 MeV for the heaviest hypernuclei
with the SLX3 force.
We hope that our calculations and predictions can help to
identify the bound Ξ− hypernuclei. Currently, there are sev-
eral projects for measuring Ξ− hypernuclei and Ξ− atoms
by upgraded technologies at J-PARC and other facilities. In
the future, more reliable and accurate experimental data on
Ξ− hypernuclei will become available and provide more con-
straints on the ΞN interaction. This will allow to determine
more precisely the parameters of the ΞN Skyrme force and
permit more accurate predictions.
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